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Tuning up the general-purpose parallel finite element method, e-FrontISTR, we carried out numerical analysis of the 2014
Northern Nagano Prefecture Earthquake and a real-scale plant building. For the former, we constructed an analysis model
with about 230 million degrees of freedom for a domain of 40 km x 40 km and about 20 km in depth. Complex
displacements that could not be evaluated by the conventional elastic theory of discrepancies could be evaluated. For the latter,
a nonlinear analysis model of a real-scale reinforced concrete building was used. We evaluated the degree of
nonlinearization of the building by inputting extremely strong ground motions, which ordinary numerical analysis cannot
solve.

Keywords: General-Purpose High-Performance-Computing Finite-Element-Metho, Nonlinear analysis, Seismic Wave Propa-
gation Analysis, Structural Seismic Response Analysis

1. Introduction shape of the ground surface can significantly affect the stresses
Higher spatio-temporal resolution and accuracy are always near the ground surface. Therefore, in this study, the entire
required for the seismic safety evaluation. Thus, we are conduct- ground model used for mesh partitioning was transformed into a

ing research and development of e-FrontISTR, a general-purpose
parallel finite element method specialized for seismic response
analysis.
In this study, we analyzed the 2014 Northern Nagano Prefec-
ture Earthquake, which generated a surface earthquake fault. We
also analyzed a real scale plant building. A large-scale numerical 20 km

analysis was carried out for the both problems.

2.2014 Northern Nagano Prefecture Earthquake .
Recently, it has been pointed out that in addition to the eval- z 40km
. . o . ]<' Y (North) 40 km
uation of fault displacement, it is also necessary to consider the X
superposition of fault displacement and earthquake motion. Alt- ) )
L . . . Fig. 1. Analysis model
hough large-scale computaion is required, numerical analysis
based on continuum mechanics is effective for this superposition.
In the 2014 Northern Nagano Prefecture Earthquake, a sur-
. 5.0 10.0
face earthquake fault extended 9 km to the south of the epicenter, ) ) w00
and a sub-fault was observed near the northern end of the surface
fault. The analysis area was set to 40 km x 40 km horizontally " ‘ f 0.25

and 20 km in depth, including the entire area of the earthquake

fault. When evaluating fault displacement in multiple steps, the 0.00

dynamic FEM analysis results (nodal forces and nodal velocities) 1305 200s i

for a wide area are input to the detailed model boundary. I
The analysis model was created by dividing the mesh into ‘ / " ; I

tetrahedral first-order elements using the octree method and then u, -0.50

modifying the mesh to tetrahedral second-order elements; see Fig.

1. Basically, the Octree method represents the ground surface and Fig. 2. Change of y-directional displacement z, of

strata boundaries as a staircase, and in particular, the staircase
the ground surface
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rectangular shape, and then mesh partitioning was performed,
followed by an inverse transformation to smoothly represent the
ground surface. It should be noted that the strata boundaries are
staircase-like.

The analysis was performed in parallel on 2048 CPU cores
and took approximately 7.1 hours. Figure 2 shows a contour map
of the ground surface displacement in the y direction. Large per-
manent displacement occurs on the south side (-y side) of the
earthquake fault where the surface fault displacement occurred.
In addition, a region of large displacement can be seen on the up-
per plate side (+x side), far from the fault. The analysis shows
that at 5.0 arcseconds, this is due to the effect of deep asperities.
On the other hand, after 10.0s, the displacement propagates in the
direction perpendicular to the fault plane due to the slip in the
shallow part of the fault, and the displacement dissipates.

3. Real-Scale Plant Building

The Newtonian algorithm also contributes to the conver-
gence of the residual norm. Figure 3 shows two algorithms that
use initial stiffness and tangential stiffness. The former has high
computational stability but requires a large number of iterations.
In addition to the concrete constitutive law, nonlinear behavior
due to building uplift also affects the residual norm, so setting the
maximum number of iterations and the residual norm threshold
is not easy. The latter can reduce the number of iterations, but the
computational stability is low. Based on previous studies, we
have modified e-FrontISTR to increase the computational stabil-
ity of the Newton method using tangential stiffhess.

Figures 4 and 5 show the distribution of tensile stress in the
steel bars and compressive principal stress in the concrete of the
building for an input earthquake motion of 2.0 times. It was con-
firmed that local damage to both the rebar and concrete did not
occur even when earthquake motion with a large acceleration
was input. The maximum tensile stress of the rebar is about 70%
of the yield stress, and the maximum compressive principal stress
of the concrete is about 40% of the compressive strength. While
the rebar is linear, the concrete shows nonlinearization with a de-

crease in stiffness of about 10%.

4. Concluding Remarks
In this study, we used e-FrontISTR on ES4 to analyze the

Increasing iterations may not
always lead to the
to the convergence of converage:c: sfa?ets?dtusl force
A
residual force

o " LS /

Increasing iterations lead

u u

Steel Material ‘ ’ Concrete

Fig. 3. Material Softening and Nonlinear Analysis

wave propagation process of the 2014 Nagano Prefecture North-
ern Japan Earthquake and the seismic structural response of a nu-
clear power plant building. For the former, it was confirmed that
e-FrontISTR could be used for wide-area seismic motion propa-
gation analysis, and for the latter, nonlinear responses induced by
extremely strong ground motion, which could not be computed
using other numerical analysis methods, were computed using e-
FrontISTR on ES4.
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Fig. 4. Tensile stress of steel
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Fig. 5. Compressive stress of concrete
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